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ABSTRACT. Fourier transform infrared (FTIR) difference spectroscopy allows the study of molecular changes
occurring at active sites in proteins with high sensitivity. Reactions are triggered by light, potential, or
temperature steps and more recently by the diffusion of buffers containing effectors above membrane
proteins deposited as films on ATR crystals. We have adapted a microdialysis system to an ATR, to
study metal sites in soluble proteins. In this study, we identified%-Gat Zr?™-binding site in cytochrome

¢ with dissociation constants of 17 and 42V, respectively, which affects the oxidation rate of
ferrocytochrome by hydrogen peroxide. Using the microdialysis ATRTIR setup, we determined that

a histidine and the carboxylate group of a glutamate are involved4h Zinding. The implication of His

33 and Glu 104 in the binding site was deduced from the comparison of FTIR data recorded with horse
heart and the variant tuna cytochromlkacking these two amino acids. A two-dimensional NMR analysis

of the Zr**-binding site in horse heart cytochrormneconfirmed that His 33 and residues close to the C
terminus are sensitive to Zhbinding. This study demonstrates that the microdialysis AFRIR setup

is promising for the analysis of metal sites in proteins. Froi®/H,0 exchange experiments, we concluded
that the impact of Zfi and Cd* binding on the oxidation kinetics of ferrocytochromedy H,O; is
associated to the perturbation of a hydrogen-bonding network involving His 33 that is sensitive to the
redox state of cytochrome

Besides their vital function in organisms, metals are Metal ligands are determined from three-dimensional
involved in pathogenic processes through various mecha-structures, obtained using X-rays diffraction on crystals or
nisms, such as production of reactive oxygen species,nuclear magnetic resonance (NMR$pectroscopy. For
alteration of the redox balance in the cytoplasm, and direct proteins and protein motifs that are not accessible to these
interactions with DNA, RNA, and proteind,(2). Toxicity techniques or to rapidly probe the properties of metal sites,
results from the exposition to nonbiological metals and from methods derived from electron paramagnetic resonance
direct or indirect alteration of metal homeostasis in the cell. (EPR), magnetic circular dichroism, Msbauer, and X-ray
Metal trafficking is highly regulated. It involves metal- absorption spectroscopy have proven useful. They provide
binding proteins with various functions, transporters, chap- information on the geometry and electronic properties of the
erones for the delivery of essential metals to target metallo- metal sites §—7). They apply however to metal sites with
enzymes, metal-sensitive transcription regulators, and pro-particular properties and do not always provide information
teins that ensure the chelation and sequestration of toxicon the nature of the amino acid ligands.
metals 8, 4). To analyze these processes, growing attention  The metal ligands and structural changes associated with
is devoted to the identification and characterization of metal- metal binding can be identified using NMR spectroscopy
binding sites in proteins and of structural parameters govern-for paramagnetic specie)(or for proteins for which the
ing metal affinity and specificity. full NMR assignment of the protons is available. In the

absence of drastic structural changes of the protein after metal
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Vibrational spectroscopy is also particularly useful, both such as metal transporters, which are not easily accessible
to identify the chemical groups involved in metal binding by NMR.
and to analyze the properties of the metigyand interac- Cytcis one of the most abundant proteins in mitochondria.
tions. (Resonance) Raman spectroscopy has long beert is closely associated to the mitochondria membrane and
applied to metal sites absorbing in the visible or near-infrared mediates electron shuttling between ubiquinoytochrome
range B). This excludes certain metal oxidation states or coxidoreductase and cytochromexidase during respiration
metal centers and often Zi or CP™-binding sites. As for (30). Cytc dissociation from the mitochondria membrane is
UV—Raman, which probes amino acids absorbing in the UV associated with early events leading to apopta3is 82).
range, it is a valuable tool to characterize histidines coor- Therefore, because of its small size, the availability of its
dinated to Zn or Cuq, 10). Infrared spectroscopy, which  structure, and its structural plasticity, ayhas served as a
probes directly the vibrational transitions of molecules, also model for the analysis of intra- and inter-electron transfer
describes the electronic properties of the amino acid ligandsand for the mechanisms of folding and proteprotein or
of the metal. An advantage of IR spectroscopy is that it can protein—lipid association33—39). Structural data and NMR
be applied in principle to all kinds of metals, diamagnetic resonance assignment of all amino acid contributions have
to very paramagnetic, all redox states, and proteins that areallowed the analysis of structural changes induced by ionic
not accessible to other spectroscopic techniques such as NMRstrength 40, 41) or insertion in micelles 36, 42). The
or X-ray diffraction on crystals. consequences of cyt association with surface-modified
electrodes were also studied by electrochemistry and Raman

The strong infrared absorption of water and of the protein
or FTIR spectroscopy4@, 44).

backbone prevents however the analysis of metal-binding ) . . ,
sites directly from the sample infrared absorption. Over the 1€ mechanisms of cytdissociation from the mitochon-
past decade, Fourier transform infrared (FTIR) difference dri@ membrane is a field of intense research. Cyis
spectroscopy considerably developed for the analysis of fine ProPosed to play a key role as a peroxidase that reacts with
structural changes at active sites in proteins. Light-induced Nydrogen peroxide to oxidize mitochondrial phospholipids

FTIR difference spectroscopy has given valuable information thus in_itiating ap_optosisSQ, 45-47and refgrgnces th_erein).
on light-sensitive proteins such as bacteriorhodopsin or The mltqchondrlal electrqn transp(_)rt chain is a main source
photosynthetic reaction centerkl{-15). Implementation of oflreacuv? oxygfen spﬁmeﬂ_&), \Q’h'%h.cogld rr)]romo:]e ';]he
photoactivable caged compounds and of a specific electro-"!€aS€ 0 cyt from t € mitoc on .”‘.'"4 ), t roug the
chemical cell largely extended the application of this oxidation of cytc associated cardiolipirb(). While H0,
technigue {6—18). A decisive development for generalizing slowly OX'd'.Z.eS reduc%d cyg (fgrrocyt CI) in Sﬁ|utl0ﬂd61),
FTIR difference spectroscopy to study membrane proteins cyt ¢ reactivity towar H 2 IS greatly ennanced upon
was the use of attenuated total reflection (ATR, 20). This association with phosphatydilserine or cardiolipB)X

; 2 +
approach takes advantage of the deposition of the membrane In th's work, we report _that_ _and cd strongl_y and
protein as a stable layer on the ATR crystal surface, which selectively slow the oxidation kinetics of ferroaymonitored

is probed by the infrared beam, while addition of effectors by H;O.. Using the ATR-FTIR microdialysis setup and

: ; NMR spectroscopy, we identify a binding site for Zror
is performed above the layer, without consequence on the | ; . :
quality of the FTIR difference spectra. With this setup, Cck" that involves His 33 and Glu 104 at the C terminus.

: ' P
structural changes induced by the binding of ligands or The mechanisms by which Znor C#* binding affects cyt

agonists on nicotinic acetylcholine recepto?4,(22) or of ¢ oxidation by HO, is discussed.
inhibitors in cytochrome oxidase and in théc, complex EXPERIMENTAL PROCEDURES
(23—26) were analyzed at the molecular level.?H/ex-
change experiments were also performed, by diffusion of
H,O/PH,O-saturated M flux, to describe conformational
changes induced by phosphorylation or the binding of ligands
(27 and references therein).

Sample PreparationsHorse heart and tuna cytwere
purchased from Sigma (St Louis, MO) and used without
further purification. The purity of the commercial cygt
preparation was determined using denaturing protein gel
electrophoresis. Cytwas dissolved in a Tris-hydroxymethyl-

A dialysis system was introduced by K. Fahn88(29) yminomethane (Tris)/NaCl buffer: 50 mM Tris-HCl at pH
to analyze changes in secondary structures of rhodopsin; 5 244 25 mM NaCl.

within the membrane, induced by the binding of transducin. g4 the analysis of cyt oxidation by BO,, a 2 mM cyt
To our knowledge, up to now, no information has been ¢ gqjytion was reduced using 6 mM dithionite. Excess
obtained at the molecular level, for proteins in solution, githionite was removed by filtration through a PD-10 column
directly using the perfusion of effectors through a dialysis (Amersham Bioscience) equilibrated with the Tris/NaCl
system. buffer freed from metals by incubation with chelex resin.
In the following, we describe a new application of AFR For experiments performed #H,0, the Tris/NaCl buffer
FTIR spectroscopy based on the use of a microdialysis was dried using a speed-vacuum system and then dissolved
system adapted to an ATR cell, to analyze molecular detailsin 2H,O. For each sample, AL of a 1.5 mM solution of
on proteins in solution, directly by the perfusion of effectors reduced cyt was diluted in 98Q:L of the deuterated buffer.
or redox compounds. The present work demonstrates theZnCl, was added from a concentrated solutiodHlO, and
efficiency of this method to analyze both redox reactions or the sample was incubated for 24 h at’I& A total of 8 or
metal-binding sites in proteins, using cytochroméyt c) 16 uL of a concentrated D, solution (100 mM) was added
and a comparison of the IR data with results obtained with to the sample to trigger the oxidation reaction.
NMR spectroscopy. One very attractive interest of this  For the analysis of ferrocyt oxidation by HO,, cyt ¢
ATR—FTIR approach will be to study membrane proteins was used at-6 uM concentration and D, was used at
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Scheme 1: Schematic View of the ATR Device with the Heidolph) and to an electronically controlled three-way valve
Dialysis Membrang (Amersham Pharmaciabiotech). The peristaltic pump regu-
Buffer 1 ! eristaltic pump L o lated the flow rate to £2 mL/min. With this flow rate, a

Valve O delay d 1 h was necessary for the first equilibration of the

sample in the ATR microdialysis chamber, before starting
the measurements. This first equilibration delay was deter-
mined by absorption differences calculated from successive
FTIR spectra recorded on the sample. Thereafter, a delay of
5—6 min was optimized after each change in buffer before
the recording of the FTIR difference spectra. A three-way
valve monitored through the FTIR spectrometer was used
to select the buffer flowing through the microdialys&TR
setup as described in re®8, 25, and26. A program was
developed to synchronize FTIR data acquisition with the
. diffusion of the buffers through the sample.
Oxidoreduction of Cyt.cDirect electrochemistry of cyd
e was performed essentially as described inl&fusing the
aThe ATR device $ensir Technologies) consists of a diamond samg electrochemical cell and ah thick gold mesh as _a
crystal mounted in a stainless steel plate such that a 4.3 mm diameteVOrking electrode (Buckbee Mears, MN). The working
surface is exposed for sample application. The IR beam is deflected in electrode was surface-modified by dipping it for 5 min in a
to and out of the prism by ZnSe optics, and the geometry is such that 5 mM pyridine-3-carboxaldehyde thiosemi-carbazone (PATS-
nine internal reﬂect!ons occur at the prism surfgce on which the _sample 3, purchased from Lancaster) solution heated te ®D°C.
is blocked by the dialysis me_mbrane as described in the Experlr_nental E PATS-3 th hi d with 180M
Procedures. The flow-thru unit above the membrane allowed continuous =XC€SS was thoroughly removed wi ;
perfusion of the solutions. Millipore water. The experiments were performed with a 5
mM cyt ¢ solution in 50 mM Tris at pH 7.2 with 100 mM
concentrations between 200 and 1608. Cyt c concentra- KCI as a supporting electrolyte. The reference electrode
tions were determined from reduced solutions using an consisted in an Ag/AgCI/KCI (3M) systenkg = 208 mV/

Flow-Thru Unit ——

alvsi
Buffer 2 Dialysis membrane

DuraDisk [

—— Detector

extinction coefficient of 106 100 M cm™ at 410 nm 52). NHE). The potential was applied to the three-electrodes
The oxidation kinetic of cyt was monitored through the system cell using an EG&G (model 362) potentiostat,
absorption change at 550 nm using a Cary 50-is controlled by the FTIR spectrometer. To analyze the effect

spectrometer (Varian). The absorption at 550 nm was of Zn binding on the redox properties of aytferrocytc at
measured for 3 min. The initial slope was recorded. The rate 150 uM was incubated in the Tris/NaCl buffer containing
constant of cytc oxidation by HO, was determined from 0.4 mM ZnC} and then concentrated tel mM using a

two kinetics recorded with two concentrations of®, to microconcentrator (Amicon). Direct electrochemistry was
avoid incidence from the low level of cyt auto-oxidation performed, as electrochemistry in the presence of the
(i.e., oxidation without HO,). The influence of zZ&" following redox mediators: ferricyanidé\,N,N',N'-tetra-

concentration on the cyt oxidation kinetics was fitted  methyl-paraphenylene-diamine (TMPD), diaminodurgne,
assuming the same binding site for oxidized and reducedbenzoquinone, 2,5-dimethytbenzoquinone, 1,2-naphtho-

cyt c. quinone, phenazine methosulfate, and duroquinone. The
Microdialysis System Adapted for AFRTIR Spectros-  redox mediators were at 4€M final concentration.
copy. We used an ATR device frorBensIRTechnologies For the chemical oxidation and reduction of cgt

(CT) fitted with a 9 bounce diamond microprism with a 4.3 performed using the ATRFTIR setup coupled to the
mm surface diameter and ZnSe optics (Scheme 1). Thismicrodialysis system, cyt was equilibrated by the continu-
device is equipped with a flow-thru unit, which can be fixed ous flow of the Tris/NaCl buffer containing 5 mM potassium
above the ATR unit and allows the diffusion of solutions in ferricyanide. When the FTIR absorption spectrum of the
a small chamber of approximately 2Q above the diamond  sample had stabilized, a single-beam spectrum was recorded
microprism. (reference spectrum) and the flowing solution was switched
The dialysis membrane (Spectra/Por membrane of MWCO: to a Tris/NaCl buffer containing 2 mM TMPD and 0.5 mM
6000-8000) was applied on the sample and maintained dithionite. The buffers were degassed and flushed with argon.
between the flow-thru unit and the diamond crystal using a In these conditions, cyt was reduced within 5 min.
0.2 mm thick O ring (Scheme 1). Using solutions of known Typically, one reductiorroxidation cycle lasted for 20
protein concentrations and comparing FTIR absorption min: the acquisition time per spectrum laste8 min, and
spectra of samples recorded with or without the microdialysis two spectra were recorded sequentially after equilibration
setup, we determined that the dialysis membrane delimitedof the sample with the reducing or oxidizing buffer. The
a sample volume of 42 uL on the diamond crystal, spectra shown correspond to an average of 45 reductive or
corresponding to a sample thickness of less thaarm@not oxidative cycles of measurement.
shown). A 2uL aliquot of the 5 mM cytc solution was Analysis of the Ztt— and Cd&*—Cyt ¢ Interactions Using
deposited on the diamond window. The absorption of the the ATR-FTIR Microdialysis SetupA total of 2uL of a 5
sample reached 0.8 absorption units at the maximummM cyt ¢ solution (horse or tuna) was deposited on the
absorption at 1640 cm. The flow-thru unit was connected diamond crystal. Sample equilibration was performed by the
via silicone tubing (1.6 mm diameter, MasterFlex, Vernon continuous flow of the metal-free Tris/NaCl buffer. When
Hills, IL) to a peristaltic pump (Pump drive PD5201 the FTIR sample absorption was stable (i.e., aft60 min),
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a single-beam spectrum was recorded and then the flowinglong acquisition time required for the 2D heteronuclear
solution was switched to the buffer containing either ZnCl experiments.

or CdCh. To avoid spectral changes because of slight

variations in pH between the metal-free and metal-bearing RESULTS

solutions, the same buffer was divided in two parts and the
pH was carefully adjusted after addition of Cd®t ZnCk.

A delay of 6 min was chosen as a compromise between
equilibration of the sample and spectral stability. For buffers
with 2 mM Zr?* or CP* and more, the FTIR difference
spectra did not change after 6 min of equilibration. For lower
concentrations, this delay was not sufficient to reach a cyt
c—Zn?* (or Cd®) binding equilibration in the sample (see
below). After this delay, a second single-beam spectrum
corresponding to the “metal-bound” aytvas recorded. The
FTIR difference spectrum showing the absorption changes
induced by the metalcyt c interactions was obtained as the
ratio of the two single-beam spectra “metal-bound” and

The first report on the use of a dialysis system coupled
to ATR—FTIR spectroscopy concerned the analysis of
protein—protein interactions, involving the membrane-protein
rhodopsin deposited as a thin layer on the ATR internal
reflection element (IRE). Upon diffusion of effectors, large
IR changes were detected at the level of peptide amide |
(peptide ve=p) and amide Il pc=n + O(NH)] IR modes,
which were analyzed as the dissociation of protgirotein
or proteir-membrane interaction28, 29). We developed
a new application of a dialysis system coupled to ATR
FTIR spectroscopy to extend this approach to the direct
detection of changes at the molecular level on proteins in

“reference”. The flowing solution was switched again to the solution induced by chemicals diffused through the dialysis

metal-free buffer. After 6 min, the IR absorption changes membrane. ) i
indicated that Z& (or Cc#+) was successfully removed from IR changes as small as tabsorption units are expected
the protein in solution. A total of 40 consecutive metal- for the contribution of single vibrators in proteins. To reach
binding cycles were accumulated for each sample. ResultsthiS sensitivity, we decreased the equilibration time and
obtained with 2-5 samples were usually averaged to record increased the spectral quality by limiting the volume of the
FTIR difference spectra with high signal-to-noise. protein solution in contact with the IRE of the ATR
FTIR SpectroscopyThe spectra were recorded, at 4dm ~ accessory. We used an ATR device fr&ensIRTechnolo-
resolution, on a Bruker IFS28 FTIR spectrometer equipped 9i€s fitted witr a 9 bounce diamond microprism forming a
with a DTGS detector. All frequencies quoted have an 4-3 mMm diameter circular surface exposed to the protein
accuracy of+1 cni L. Typically, 300 interferograms were sa}mple. A microdialysis cgll of22 ul, corre.spondlng toa
averaged for each single-beam spectrum. thickness of 7Q«M was built on top of the diamond crystal
NMR SpectroscopyAll of the spectra were recorded at  USing @ dialysis m_embrane as described in the Experlm_ental
313 K on a Bruker Avance 500 spectrometer equipped with P_rocedures and illustrated in Scheme 1._Buffer golutlons
a triple resonance prob&H, 13C, andsN). The heteronuclear differing only by the presence of one reactmg.spemes were
experiments were conducted with natural abundancecyt Perfused alternately through this membrane in the protein
at a high concentration {88 mM). Using standard Bruker samp_le, Whlph consisted of'an homogeneous concentrated
sequences, heteronuclear single-quantum correlation (HSQCJrotein solution above the diamond. After buffer exchange,
spectra were recorded in phase-sensitive mode in both@ delay of 5-6 min was optimized for the equilibration of
dimensions using echeantiecho time proportional phase the protein solution before collecting the FTIR spectra.
incrementation (TPPI)-gradient selectiotd-15N HSQC Chemical Oxidation (Reduction) of Cyt ¢ Using the ATR
spectra were acquired with 320 transients, spectral windowsFTIR Microdialysis Systeni.he performance of the micro-
of 16/40 ppm in the proton/nitrogen dimensions, and the dialysis system to detect minute changes in proteins was
carrier set at the water frequency and 118 ppm, respective|y_tested by monitoring the chemical reduction and oxidation
1H-13C HSQC spectra were acquired with 96 transients, of cyt ¢ (Figure 1). Reproducible spectra corresponding to
spectral windows of 16/40 ppm in the proton/carbon dimen- Cyt ¢ reduction {-) and reoxidation (- - -) were obtained by
sions, and the carrier set at the water frequency and 130 ppmthe alternate perfusion across the dialysis membrane of a
respectively. Magnetization transfers were optimized for a Tris/NaCl buffer containing ferricyanide (oxidizing buffer)
coupling constant of 200 H58). No carbon decouplingwas ~ or TMPD and dithionite (reducing buffer), (Figure 1A, see
applied during acquisition. The relaxation delay used was 1 the Experimental Procedures). Recording FTIR spectra at
s, and a matrix of 2Kx 96 points was acquired and varying time after the buffer switch, we determined that cyt
transformed to 2Kx 512 points after shifted sin-square C reduction was achieved within 5 min in these conditions.
multiplication. Analysis of the spectra was performed in part The symmetry of the spectra recorded upon reduction and
using SPARKY (T. D. Goddard and D. G. Kneller, Univer- subsequent reoxidation of cgtdemonstrates that only IR
sity of Califormia, San Franscisco, CA). bands associated to the redox reaction are observed in the
In the first experiments, the binding studies were per- spectra of Figure 1A.
formed in the same conditions as for FTIR, by adding ZnCl ~ The reduced minus oxidized spectrum of cy¢—) is in
on cytcin 50 mM Tris at pH 7 and 50 mM NaCl. However, full agreement with the difference spectrum previously
the use of a high concentration of ZnCkquired for the obtained using electrochemistry coupled to FTIR spectros-
heteronuclear experiments prevented a careful pH adjustmentopy (16, 43, 54) as demonstrated in Figure 1B. The only
of the solution. Addition of dilute NaOH led to zinc noticeable difference between spectra of Figure 1B is an
precipitation. Instead of Zngl Zn(acetate) was success-  increase in the relative intensity of bands with decreasing
fully used in 200 mM potassium acetate as buffer at pH 7 wavenumber values in the spectrum recorded with the
in the subsequent experiments. Even in these conditions, amicrodialysis ATR-FTIR system. This is due to the reflec-
small precipitation of the zinc ion was observed during the tion system, in which the penetration depth of the IR
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Ficure 1: Comparison of difference spectra obtained with the
microdialysis ATR-FTIR setup and with FTIR coupled to elec-
trochemistry. (A) Reduced minus oxidizedY and oxidized minus
reduced (- - -) difference spectra of @tecorded using the ATR
FTIR setup coupled to the microdialysis system. (B) Comparison
of reduced minus oxidized spectra of @ytecorded using ATR
FTIR setup {-) and by FTIR coupled to electrochemistry (- - -).
The spectra recorded using electrochemistry correspond to an
average from 45 reductive or oxidative cycles.

evanescent wave dp depends on the wavelehgtitording
to the equation dp= (A/n)/(27(sir? 0 — (no/ny)?)Y2, where
n; andn, correspond to the refractive index of the diamon
crystal and the protein solution, respectively, & the
incidence angle of the bearBq and references therein).
In the spectra of Figure 1, the largest band at 1692%cm
for reduced cyt was assigned first to g-strand structure
(56) or to a heme propionic groufd.§). Recently, this band
was assigned to a type-|ftturn structure that shifts to 1674
cm! for oxidized cytc (43). The band at 1663 crh was
assigned to a type-IB-turn structure and signals at 1635
(ox) and 1625 (red) cnt to the weak portion of thg-strand
structure of cytc directly interacting with the heme propi-
onates 43). On the basis of HH exchange experiments,
the bands at 1518 (ox) and 1514 (red)énwere assigned
to thev,o(CC) ring mode of a tyrosine side chaibdj. This
shows that IR changes from individual vibrating groups are
identified using the two FTIR difference techniques.
Identification of a ZA*- and Cd*-Binding Site in Cyt c.
We observed that 2n and Cd" selectively inhibit ferrocyt
¢ oxidation by HO,. Ferrocytc is oxidized by HO, with a
rate constant of 0:80.9 M! s (51). We measured the
oxidation kinetics of ferrocyt with increasing concentrations
of H,0O,, in the absence or presence of?ZrfFigure 2A).
The plots of Figure 2A are in accordance with a bimolecular
reaction both in the absence or presence df Zhe plots
do not go through the zero intercept. This is due to a residual
oxidation of ferrocytc in the absence of ¥D,, which could
be explained by the presence of oxygen or metal traces in
the solution. Rate constants of 0.6 and 0.33'M? in the
absence or presence of Znrespectively, were calculated
from data in Figure 2A. We reproducibly observed in
different measurement series that?Zrreduced the rate
constant of cytc oxidation by almost a factor of 2 (Figure
2A and Table 1).
The rate of ferrocyt oxidation was then followed as a
function of Zr#t concentration (Figure 2B®). The experi-
mental points could be fitted assuming the presence of a

d
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FicUre 2: Influence of ZA* and Cd" on the rate of ferrocyt
oxidation by HO,. (A) Rate of oxidation of ferrocyt (6 uM) by
H,0, as a function of HO, concentration, in the absenca)(or
presence M) of 1 mM ZnCh. The rate was measured by the
absorption change at 550 nm typical for ferrocyt(B) Semi-
logarithmic representation of the influence of increasing'Z®),
Cc?* (v), or Mg?"™ (W) concentration on the initial rate of ferrocyt
¢ (6 uM) oxidation by HO, (800 uM H,0,). The experimental
points were fitted ) assuming the presence of a metal-binding
site both for reduced and oxidized ogjt oxidation rates of 0.15
and 0.17uM min~1 for Zn?*- and Cd"-bound cytc, respectively,
and dissociation constants of 17 and49.

Table 1: Effect of HHH Exchange on the Oxidation Rate of Gyt
by HzOz

k(H.0)/
H,O ’H,0 k(®H,0)
0mM Zn k=097M1ls! k=0.18M1ls? 5.4
0.4 mM Zn k=046M11st k=0.07M1s? 6.6
kKOmMzn)y 2.1 2.7
k(0.4 mM Zn)

binding site for ZA* identical for both reduced and oxidized
cyt ¢, characterized by a dissociation constant of 42
(—). The presence of this binding site for both reduced and
oxidized cytc was indeed demonstrated using FTIR and
NMR spectroscopy (see below). A similar effect on the oxi-
dation kinetics of cyt was observed with Cd (Figure 2B,

v), and the data were fitted with a curve indicating a dis-
sociation constant of 1#M. In contrast, the oxidation rate
of cyt c was only slightly affected by increasing concentra-
tions of MgC} (B) up to 50 mM MgC} (not shown).

To better understand the mechanism by whichtzffects
the oxidation kinetics of ferrocyt by H,O,, we analyzed
the impact of ZA™ on the effect of HiH exchange on the
rate of ferrocytc oxidation. The rate constant of ferroayt
oxidation by HO, was 5.4 times smaller for ferrocyt
incubated in &H,0 buffer for 24 h as compared to samples
incubated in HO during the same period (Table 1). In the
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presence of ZnG] the oxidation rate constant was 6.6 times
smaller in?H,0O than in HO (Table 1). These data suggest
that the oxidation of ferrocyt involves proton rearrange-
ments within the protein that are affected by2Zrbind-
ing.

The UV—vis absorption spectrum of reduced or oxidized
cyt c remained unchanged in the presence ofZand the
EPR spectrum of oxidized cytremained characteristic of
a low spin state at pH 7.5, with up to 5 mM ZnGhapplied
to a 1 mM cytc solution, not shown). This indicated that
Zn?* did not perturb the immediate vicinity of the heme iron.
Cyclic voltammetry performed in the thin-layer electro-
chemical cell designed for FTIR spectroscopy indicated that
the midpoint potential of the heme iron was not significantly
altered by the presence of Znwith 53 & 5 mV (versus
Ag/AgCIl/3M KCI) as compared to free cyt (46 mV, not
shown,16).

Collectively, these data indicate that there is &' Cénd
Zn?*-binding site in cytc, at a distance from the heme that
alters the oxidation kinetics of ferrocgtby H,O,.

Zr?* Binding to Cyt c.We used the ATRFTIR micro-
dialysis system to identify the binding site of Znor Ct*
in cyt c. A5 mM solution of ferrocytc was perfused with
the Tris/NaCl buffer containing 10@M dithionite. FTIR
absorption spectra of the sample were recorded before and
after switching from this metal-free buffer to the same buffer
containing 2 mM ZnGlJ. The difference spectrum calculated
from these two absorption spectra, denoted*Zminus , ‘o
free”, is shown Figure 3A«—). The positive bands are those N P '} 1115omt
that appear upon perfusion of aytwith the Zn-containing WAy Y a1553cm o
buffer, while the negative bands are those that are suppressed o
by the interaction with Zn. The spectral changes were a
maximum of 6 min after buffer exchange. They could be
reversed by the subsequent perfusion of the metal-free buffer D
(Figure 3A - - -). Very similar FTIR difference spectra were
obtained upon Z#t binding to reduced or oxidized cyt
(parts A and B of Figure 3). This indicates that the
interactions of Z&" and cytc are the same for reduced and )
oxidized cytc. For convenience, oxidized cgtwas used W/
for the following FTIR experiments.

The Zr#™ minus free spectrum presents a small number
of IR bands with amplitudes ranging from ¥0to 5.10*
absorbance units. These bands were reproducibly observed
with different samples. They correspond to IR modes of
individual amino acid side chains and peptide groups of cyt [ | | l |
c involved in the structural changes associated with the 1800 1600 1400 1200
Zn?t—cyt ¢ interaction. The simultaneous occurrence of Wavenumber (cm™)
positive bands at 16691600 and 1429 cnt on one hand Ficure 3: FTIR difference spectra corresponding to the interaction
and of negative bands at 1549 and 1398 ton the other ~ of Zr?* VSVitVe‘C;‘r?g%i?ﬁ :{tgn(t'i“r\])ug{]soﬁindeizggrr?g %rgg’to_t ﬁgf‘Zn
_hand str_ongly s_uggests that the “Zncyt c |nte_ract|0ns minus)freepspectrum, and spectra with adashecfl)line correspond to
involve side chain(s) of Asp and/or Glu amino acids. Indeed, the reverse reaction. The spectra are obtained by the alternate
the signals at 16091600 and 1549 crt are in the typical  perfusion of the Tris/NaCl buffer with or without 2 mM Zngl
frequency range of the,{COO") mode of carboxylates, The Mg?* minus free spectrum recorded with oxidized cywith
while the bands at 1429 and 1398 civare in the corre-  the THS/NaCI Bulffer with or without 50 mM MgGs shown with
spondingv(COOC") mode frequency domairs, 58). Tris/NaC buffer f:o%taining 0.6 MM ZnGl—). 2 mM ZnCh
The signals at 1670 and 1649 choccur in the region  (— ‘same as- in B), 3 mM ZnCh (- - -), and 6 mM ZnCj (-++).
where vc—o modes from peptide groups are expected to (Inset) IR band intensity at 1115 and 1553 ¢nas a function of
contribute 69). The small size of these signals indicates that the ZnC} concentration in the Tris/NaCl buffer. (D) Comparison
only slight structural rearrangements occur at the level of of the Zr#* minus free (---) and Cd' minus free ) FTIR
the peptide backbone upon Zr-cyt ¢ interaction. difference spectra recorded with oxidized cyt

Of particular interest is the positive band at 1115ém  are usually small and sensitive to®?H,0O exchange&7,

In this spectral region, IR modes from amino acid side chains 59), except for a histidine ring mode, the,, IR mode,

~
— (\,.q_,__?

1504
1397 -

I 2.10%a.u.
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which is enhanced upon coordination to metals and was
observed in various protein68d—68) and model spectr®4).

The presence of this signal strongly supports that a histidine
side chain of cyt coordinates Z#.

Effect of M@" on Cyt c.The FTIR difference spectrum
recorded upon cyt perfusion with the Tris/NaCl buffer
containing 50 mM Mgd is shown in Figure 3B—. It
contrasts with that recorded with ZnClbecause it only
shows IR bands at 1605/1560 ar€l420/1400 cm?,
characteristic for carboxylate groups. There is no specific
effect of Mg?™ on the oxidation kinetics of ferrocyt by

1433
> 1115

H.,0; (Figure 2B), and we assign these IR difference bands AA=2.104 g
to the side chains of Glu or Asp located at the cgurface, -
: ”» L : o l I { { w x
which are sensitive to electrostatic interactions with?Mg 1800 1600 1400 1200
Effect of ZA* Concentration on the IR Bandslo Wavenumber (cm-)

discriminate the effect of specific binding and of electrostatic Ficure 4: Zr?* minus free FTIR difference spectra recorded with
interactions at the protein surface, we analyzed the influencecyt ¢ in 2H,0 (=) and in HO (-- -).

of Zn2* concentration on the “Z1 minus fre'e FTIR Scheme 2:  Structural Model of Cgt

difference spectra (Figure 3C), for concentrations ranging
from 0.6 to 6 mM. It was not possible to obtain reliable data
with Zn?* concentrations lower than 0.6 mM. Data in Figure
3C show that the amplitude of a number of IR bands
including the positive bands at 1115 and 1670 &saturate
with increasing ZnGl concentrations (inset of Figure 3C).
This behavior corresponds to chemical groups involved in a
specific interaction with Z#, at a Zrii*-binding site. The
intensity of other IR bands, notably negative ones 8580—
1500 and 1398 cm, further increased with 2 concentra-
tion, with an almost linear dependence. These bands are in
the frequency range ofsandv{COQO") IR modes. A closer
analysis of the carboxylate,{COO") IR range shows that
the position of both the positive and negative bands vary
with increasing ZA" concentration. At 0.6 mM Zi, the
bands are at a maximum at 1598 and 1547 cfr), while
these maxima appear at 1604 and 1553cfar the curve
recorded with 6 mM ZnGlI(+-+).

We interpret the IR data as the occurrence of one  athe drawing was generated with Swiss-PdbViewer, from the PDB
carboxylate group at the Zi+binding site, characterized by  file 1HRC (85). Changes in the properties of His 33 and the amino
vas andvg(COO") IR modes at 1598 and 1430 chin the acids colored in blue and purple have been detected up8niimding
presence of Z4t (and at 1547 and 1401 crhin absence of ~ Using FTIR and NMR spectroscopy.

Zn?*) and the implication of additional carboxylate modes, . i . i i )
characterized by IR changes atl604-1553 and 1436 ~ Cd*"—Cytc InteractionThe Cd"—cyt c interaction gives
1398 cnr?, associated to glutamate side chains at theccyt  '1S€ to FTIR difference spectra similar to those obtained upon

surface, forming nonspecific electrostatic interactions with the +Zr’?+—cyt+c i_nteraction (Figure 3!3,—), supporting that
the increasing ZA concentration in the buffes(). Similar %" and Zrf* bind at the same site in cgt Bands at 1670,
carboxylate IR bands are the only ones identified in the 1652, 1504, 1429, 1397, and 1112 Cnare within a few

“Mg2* minus free” spectrum recorded with cgt(Figure wavenumbers from those observed upoA*Zninding. The
3B, —). signal at 1112 cm' is assigned to the IR side-chain mode

The amplitude dependence of the IR bands as a function©f one histidine Ilgand of Cd. The bands at 1606 and 1429
of the Zr¥" concentration is not in accordance with the CM - are best assigned to thes andv(COO") IR modes
dissociation constant (42M) deduced from the effect of ~ Of & carboxylate ligand of Cd. These modes contribute at
the Zr?* concentration on the oxidation kinetics of ferrocyt 1570 and 1397 cnit in the absence of 2.
¢ by H,O.. This may be rationalized by the fact that the FTIR ~ H,OPH,O Exchange: Assignment of the IR Modes.
sample consists of-42 uL of a highly concentrated solution ~ obtain more precise assignments for the bands observed in
of cyt ¢ (2—5 mM). For experiments using buffers with low the “Zr?* minus free” FTIR difference spectrum, we
Zn?* concentrations, large perfusion delays are required to analyzed the effect of $#D/2H,O exchange on that spectrum.
reach the ZA"—cyt ¢ binding equilibrium. These delays are The v,s and »(COO") IR modes of carboxylate groups
not compatible with the acquisition of high-quality FTIR hydrogen bonded to water molecules are expected to shift
difference spectra. The FTHRmicrodialysis approach is thus to slightly higher frequencies ifH,O (59, 69, 70). This
not optimum to determine metal-binding constants but gives behavior was also observed for carboxylate ligands of metals
specific information on the chemical nature of the metal (71and references therein). The bands at 1598, 1549, 1430,
ligands. and 1401 cmtin H,O (Figure 3B) are shifted to 1612, 1560,
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Scheme 3: Comparison of the Amino Acid Sequences of Horse and Tuna Heart Cyt
Horse : 1 gdvekgkkif wvgkcagchtv ekggkhktgp nlhglfgrkt ggapgftytd anknkgitwk
Tuna : 1 gdvakgkktf wvgkcagchtv enggkhkvgp nlwglfgrkt ggaegysytd ankskgivwn
Horse : 61 eetlmeylen pkkyipgtkm ifagikkkte redliaylkk atne
Tuna : 61 ndtlmeylen pkkyipgtkm ifagikkkge rgdlwvaylks ats

1433, and 1404 cnt in 2H,0 (Figure 4) in support of their
assignment to hydrogen-bonded carboxylatandv{(COO")
IR modes.

The band at 1115 cm is not sensitive to KD/H,0
exchange. This rules out any contribution from hydroxyl

in Figure 5 (). This spectrum is dominated by IR changes
of carboxylate groups. The signals observed at 1670, 1649,
1503, 1257, and 1115 crhin horse heart cyt are absent.
The lack of the positive band at 1115 chconfirms that
this signal is due to Zi-bound His 33 and that the Zi

groups at this frequency and supports the assignment of thisbinding site in horse heart cyt involves His 33 and Glu

band to thercy: IR ring mode of an histidine-chelating Zn
Indeed, we have shown using methylimidazole (Melm), that
the Melmwvcn, IR mode is largely enhanced and upshifted
from 1104 to 1113 cmt upon Zri#* complexation §4). We

do not detect the small negative band expected at 1104 cm
in the “Zr?* minus free” spectrum probably because this
small signal is hidden below the positive band at 1115%tm
Thewvc,c, ring mode of histidine is expected at 1605 or 1586
cm! for Zn—histidine complexes, depending on the imid-
azole nitrogen involved in the metal coordinati@4), This

104 at the C terminus. The,s and vCOO") IR modes
observed in the spectrum recorded with tuna cyare
assigned to conserved Glu at the protein surface in non-
specific electrostatic interactions with Zn

NMR Spectroscopy of the Cyt-Zr?" Interaction. H-
3C (-13N) HSQC spectra of cyt in both redox states were
acquired in absence and presence of 10 equiv of zinc acetate.
Zinc acetate was preferred because it allows a more efficient
control of the pH when compared to ZrCNo significant
changes were observed however in the 1D spectra recorded

weak mode is hidden below the stronger absorption bandswith the two salts. The overall spectra recorded with and

of the carboxylate group(s).

Three histidines are present in horse heartccidis 18 is
coordinated to the heme iron, while His 26 and His 33 are
closer to the protein surface (Scheme 2). We exclude an
interaction of ZA* with the heme ligand His 18 because
Zn?* does not perturb the midpoint potential nor electronic
and EPR spectra of cyt His 26 is not located at proximity
from Glu or Asp side chains in horse heart c@nd therefore
is not a plausible candidate for the Zrbinding site. His
33 is situated near the side chain of Glu 104 at the C terminus
of horse heart cyt (Scheme 2), and we propose from the
FTIR data that the Zi-binding site involves His 33 and
Glu 104.

Tuna Cyt c.To test this hypothesis, we analyzed the effect
of Zn?* binding to the cyt from tuna, a natural cyt variant,
where Glu 104 is lacking and His 33 is substituted by a
tryptophan (Schemes 2 and 3). The #Zminus free” FTIR
difference spectrum recorded with tuna cyty the perfusion
of Tris/NaCl buffer with or without 2 mM ZnGlis displayed

without Zr?* display only minor changes, which is in good
agreement with localized structural modifications associated
with metal binding. ForH-13C HSQC spectra, portions of

IAA =2.10%a.u.
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Ficure 5: Zr?™ minus free FTIR difference spectra recorded with
cyt ¢ from tuna heart) and cytc from horse heart (- - -).
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FiGURE 6: Dual'H-13C HSQC spectra of reduced (A) and oxidized
(B) cyt c in the absence (red) or presence (black) of 10 equiv of
Zn?t,
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85 80 8,5 8,0 75 70 6.5 detection of a carboxylate metal ligand using the AR
y g g
100 2 1
approach.
®
105 oz e [1%  DISCUSSION
o -~
110 ' O ¢ P T A Zr?t/CPT-Binding Site in Cyt cln this work, we have
5 _ o ' .o :’ ¢ ° e demonstrated that the microdialysis setup coupled to ATR
@ @ ;.0 O ‘ FTIR spectroscopy allows the detection at the molecular level
Z 15{ ® @ L] @0 F115
2 ® e ° o» we s, of structural changes associated with the change in redox
g ] ey, BHBT 5 o ® state of cytc. The quality of the data is equivalent to that
120 o 0P e N103 = ¢ [120 obtained by spectroelectrochemistry. Moreover, we show that
e ® @ . ‘; e B this technique permits the investigation of metal-binding sites
125{, K99 K1 3 125 in proteins, by the perfusion of buffers with or without the
¢ ’ — metal. Various metal sites are in principle accessible to this
1304, . ] ) . [ 130 technique, for all kinds of metals and for soluble or
8.5 8.0 as 8o 75 7.0 6.5 membrane-bound proteins. Here, we precisely describe a
©, - 'H (ppm) Zn?*- and Cd"-binding site in cytc that affects its reactivity
Ficure 7: Dual *H-*N HSQC spectra of oxidized cyt in the toward hydrogen peroxide.
absence (red) and presence (black) of 10 equiv ofatretate. We obtained reproducible FTIR difference spectra using

the microdialysis ATR setup for the interaction of cyvith

the spectra acquired with a delay optimized for a large 72+ or c®* and showed that part of these signals is
coupling constant of 200 HZ5@) are shown in Figure 6.  associated with a specific binding site in the protein. While
This coupling constant is typical for resonances of histidine the FTIR microdialysis approach is not optimum for an
imidazole side chains. As expected, in the spectra acquiredaccurate determination of the metal-binding constants, it
without decoupling during the acquisition period, two gives specific information on the chemical nature of the metal
doublets with largeJcy couplings appear downfield of the ligands. We concluded that the Zn or Cd®*-binding site
phenylalanine signals, observed below 132 ppm in'le  jn horse heart cyt comprises a histidine and a carboxylate.
dimension, and are assigned to the tib'°C resonances  |nspection of the cyt amino acid sequence suggested that
of His 26 and His 33, on the basis of previously repoféd  the binding site involved His 33 and Glu 104. This was
data on oxidized and reduced ©/f72-76). In the presence  sypported by the comparison of data recorded with horse
of ZinC, in the oxidized State, the doublet aSSignEd to His 33 heart cytc and tuna cyt, |acking these two residues.
was shifted from 7.66/135.57 to 8.02/137.0 ppm, whereas Tpe comparison of the HSQE-13C NMR data recorded
the equivalent cross-peak of His 26 was not modified (Figure with reduced and oxidized cytalone or in the presence of
6A). A similar behavior was observed in the reduced state, 10 equiv of Z&* clearly demonstrated that the chemical shifts
with a significant shift of the'H-1°C cross-peak of His 33 for the His 33 side chain are specifically and largely affected
from 7.83/135.39 to 8.02/137.0 ppm (Figure 6B). These by Zre*, while His 26 remains unchanged. The HSQG
spectra demonstrate that the imidazole ring of His 33 is 15\ gata further showed that the peptide NH group of His
involved in zinc binding in both oxidation states. 33 is slightly affected, indicating that Zh binding is not

To get a more complete description of the residues accompanied by a large structural change at the level of the
involved in zinc binding!H-1*°N HSQC have been realized peptide bond, which is engaged in a typgHiurn structure.
in both redox states with and without zinc acetate. All of The peptide NH group of Glu 104 at the C terminus is
the 2D spectra were recorded at 313 K, in favor of the subjected to a large change, in agreement with the involve-
narrowing of the resonances. This shortened the acquisitionment of its side chain in Z1 coordination, as proposed from
time but at the expense of the absence of signals from somethe FTIR data. Concomitantly, changes were observed for
NH groups experiencing fast exchange with water at this the peptide backbone of surrounding residues Ala 103, Thr
temperature. Nevertheless, most of the cross-peaks alreadyt02, and Lys 99 (Figure 7) that are indicative of a
assigned for cyt are observed in the spectrd?]. Figure 7 conformational change at the C terminus upon zinc binding.
shows!H-1"N HSQC of oxidized cytc with and without Similar results were observed for theZrinteraction with
Zn?*. These spectral modifications caused by Zaddition reduced or oxidized cyt.
are indicative of the changes in chemical shifts of the peptide The use in combination of these two techniques shows
NH groups upon Z#f addition. The major changes are the efficiency of the microdialysis ATRFTIR difference
labeled. The!H-SN cross-peak of His 33 is only slightly  spectroscopy approach to characterize metal-binding sites in
modified, indicating that the zinc coordination, involving the proteins. The effect of Zn concentration on the FTIR spectra
imidazole side chain, does not induce a structural change atdemonstrated that a carboxylate and a histidine side chain
the level of the histidine peptide group. The most important were involved in a specific binding site, while other
shift variations are encountered for thd-'>N cross-peaks  carboxylates at the protein surface were involved in electro-
of Glu 104, Asn 103, Thr 102, and Lys 99. The C-terminal static interactions with the metal salts in solution. The FTIR
region is flexible, and the NMR data are characteristic for a data were sustained by the analysis by 2D NMR, and the
rearrangement of this region of cgt induced by Za* NMR data further showed that Zn binding also involved a
binding. On the basis of the extent of the chemical-shift slight structural change at the C terminus. The microdialysis
difference, the Glu 104 appears to be the major residue ATR—FTIR method needs small quantities of proteins and
involved in Zr#t complexation, in agreement with the gives information on the chemical nature of the metal ligands.
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Itis not limited to specific metals and can be extremely useful thus formed was propose83). This peroxidation reaction
in the absence of X-ray structures or NMR data. In this was also proposed to trigger cgtrelease from its close
respect, the use of the microdialysis system for the analysisassociation to the mitochondria membrane, a reaction that
of complex membrane proteins such as transporters is a verymay initiate apoptosis3(, 91, 92). The impact of C&" or
attractive perspective. Zn?* on cytc properties when associated to phospholipids
Mechanisms by which Zn Binding Affects the Oxidation of the mitochondria membrane should now be investigated
Kinetics of Cyt ¢ by KO,. The kinetic of cytc oxidation by to evaluate precisely a possible role as pro- or antioxidant
H,0, is largely affected by HH exchange, which is due in the mitochondria.
primarily to the rupture of @H bonds in the substrate. The
fact that Zi* affects both the cyt oxidation kinetics by
H,O, and the effect of HH exchange on these kinetics
further suggests that these reactions also involve proton
reorganization within cyt, which are altered upon 2h
binding. While the oxidation of cyt in solution is not limited
by proton rearrangements, interaction of cytith a coated
electrode _su_rface modifies the redox—indu.ced. structural REFERENCES
changes within cyt (43) and the rate of cyt oxidation can
become limited by proton reorganization within the protein 1. Hartwig, A., Asmuss, M., Ehleben, I., Herzer, U., Kostelac, D.,
(44). Also, a solvent deuterium isotope effect on the reduction Pelzer, A, Schwerdtele, T., and &ie, A. (2002) Interference
hermodvnamics of cvt was reported recenth7?). which by tOXI.C metal ions with DNA repair processes and cell cycle
the _O y ye - _p Y'0), control: Molecular mechanismEnviron. Health Perspect. 110
was interpreted as an oxidation-state-dependent hydrogen
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